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Recently reported experiments have made it
necessary to assume that the induced synthesis
of cnzyme$ in microorganisms is coupicd man-
datorily to the utilization of free amino acids.
[avestizations (Halvorson and Spiegelman, 1952)
with yeast have shown that analogues of amino
acids which prevent incorporation from the free
amino acid pool into protein ulso suppress the
induced formation of a-glucosidase. IMurther-
more, o complete parallelisin between e-glucosi-
dase synthesizing capacity and the available
internal supply of free amino acids was demon-
strated by means of depletion and replenishment
eyeles  (Halvorson and  Spiegelman, 1953q).
Finally, employing the same system, it was
possible to exhibit (Halvorson and Spiegelman,
1033¢) o net increased utilization of the internal
free amino acids as a consequence of the indue-
tion of enzyme synthesis in cells suspended in a
nitrogen-free medium. The generality of the
findings with-amino acid analogues was extended
by the independently performed experiments of
lee und Willkams (1952). These authors demon-
struted that the administration of ethionine to the
intact rut prevented the induced formation of
tryptophan peroxidase.

Monod et al. (1952) studied the formation of
3-galactosidase in a series of amino aecid auxo-
trophic mutants of Escherichia coli. In no case
waus enzyme synthesis observed in the absence of
the particular amino acid required. Rickenberg
o al. (1933) report experiments along similar
nes in which B-galactosidase formation was
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followed in mutant strains of E. coli, strain
IK-12. Analogous results also were obtained in the
induction of a myoinositol degradation systemi in
Acrobacter acrogencs (Ushiba and Magasanik,
1952). .

The data cited would appear to eliminate any.
mechanism of enzyme synthesis which involves
an amino acid independent transformiation of a
preexistent complex precuisor into active
cnzyme. They do not, however, make untenable,
or distinguish between, the following two pos-
sibilities for enzyme synthesis:

{n) Precursor and free amino acids — Active
enzymes.

“(b) Free amino acids — Active enzyme.

It is the purpose of the present paper to offer
data rclevant to this issuc. The most obvious
experimental approach aimed at a decision be-
tween the above two alternatives would appear to
be the use of isotopic labels. Thus, the induction
of enzyme synthesis in uniformly labeled cells
suspended in unlabeled medium should provide
the neeessary lata.

It is cvident from the type of experiment con-

templated that the presence of a-large internal .-

free amino acid pool, such as exists in the yeasts
and many gram positive bacteria, would intro-
duce a complication which could well make the
data uninterpretable. To avoid this complication,
attention was turned to enzyme formation in
gram negative microorganisms which have been
shown (Taylor, 1947) to lack detectable free
amino pools. The system selected for study was
the B-galactosidase of E, coli. The choice of this
particular enzyme was dictated by a variety of
reasons. Lederberg (1950) devised a convenient
and accurate assay of its activity by employing
the synthetic chromogenic substrate o-nitro-
phenyl-B-p-galactoside. In addition, the intensive

investigations to which this system in E. coli has
been subjected in recent years have elucidated

not only purely enzymatic propertics (Cohn and

Monod, 1951; Kuby and Lardy, 1953; Lester and
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Bonuer, 1052; Lester, 1932) but also have pro-
vided detaiied informution on  the genetic
(Lederberg, 1952), immunologicul (Cohn and
Torriani, 1032, 1033), and the specificity aspeets
of the inductive process (Monod ¢ al., 1931;
Koppel ¢ al., 1953).

The experiments to be deseribed in the present
paper employed C as the isotopic iabel. The
results obtained lead to the conclusion that there
is little or no preformed complex precursor which
is converted into aective cnzyme. Analogous
findings and similar conclusions were arrived at
simultancously by Cohen and Iogness (for a
preliminary  account, sce Monod and Cohn,
1953). These authors employed 5% as thie isotopic
label and predominantly immunological pro-
cedures, for the isolatiou of the B-galactosidase.

MATERIALS AND METIODS

Organism used and conditions of growth. Strain
"ML of E. coli was used. It was obtained through
the courtesy of Dr. S. &, Luria. Stock cultures on
synthetic medium served as the source material
“for the preparation of experimental suspensions,
Unless otherwise specified, a modification (re-

duction of the CaCls by one-hali) of the synthetic

“medium (M-36)  deseribed by Monod et al.
(1951) was used. A suitable carbon source was
added to the above medium and the cultures in-
cubated at 37 C with vigorous aerition.

Chemicul and radioactive reagents. ortho-Nitro-
phenyl-g-p-guluctoside (ONPG) was synthesized
according to the method described by Scidman
and Link (1950). Melibiose was prepared from
raflinose according to the procedure of Hudson
and Harding (1915). Uniformly C* labeled su-
crose was prepared from CH“0, by the use of
leaves of Canna indicus (Gibbs et al., 1952).
The CH-sucrose was converted to lactate by
carrying out a fermentation with Streptococcus
faecalis. L-Lactic acid (Pfanstichl) was employed
as a carrier in the preparation and purification
(Wood et al., 1945) of the labeled luctate.

All the water used in the present investigations
was double distilled from a glass still.

Analytical procedures. Lactate was analyzed by

the method of Barker and Summerson (1941)
and nitrogen by the nesslerization procedure of
Lanni et al. (1950). In the latter, color was
measured at 500 mu in o Beekmau speetrophotom-
eter using 0.5 ml cells. For prcliminary survey
experiments, the micro-Folin method (Lowry

B. ROTMAN AND 5. SPIBGELMAN

{V(u,_ ..

¢t ¢l., 1551} for the determination of protein -,
used.

Radioactivity measurements were made 2l
2 “Nuclear” Q-gmas flow counter whick poss-
1 background count in the neighborhood of 15,
20 counts per min, The specific radiouciivir ..

“and, hence, the amounts required for meq, -,

ment were such that corrections for self adi....
tion were only necessary oceasionally. Couiti:
was continued until between 1,500 and 24,
counts had accumulated. In certain epu
cascs, longer counting times were used to -
crease the accuracy.

To obtain an accurate estimate of the sy
radioactivity of the protein in the eluates ire..
the starch column, it was necessary to remay.
adventitious nonprotein carbon. Purificativn ¢
the protein was achieved by precipitation wip
trichloracetic acid and subsequent extraet:-
with hot trichloracetic acid foilowed by furil-:
extractions with ether-methanol mixtures,
typical purificution of this nuiure may he (.-
tailed as follows: To two ml of an cluate from 2
sturclt column is added 0.3 ml of a 50 per cot
trichloracetic acid. The resulting precipitate &
spun down, and § ml of § per cent trichloracet:
acid added, allowed to extract for 23 hr at roa.
temperature, and then brought to 90 C and 1.¢:
for 10 min. The precipitates are centrifuged the,
and extracted twice with 5 ml of a 1:1 methan.?
ether mixture. The residue is collected by cer.
trifugation and dissolved in one ml of a1
NuOI which subsequently is neutralized witi
HCIL

Inzyme was assayed by a modification of th
procedure suggested by Lederberg (1950). It wa
found that, whereas freshly reerystallize
o-nitrophenyl-8-p-galactoside was hydrolyzed i
the presence of enzyme lincarly with time, dive:

_gencies from linearity were obtained with older
preparations. It was established empirieally tha

the incorporation of yeast extract in the asay
preparation counteracted this effect. To avoil
the necessity of continually reerystallizing the

reagent, yeast extract was inciuded. The latter

was prepared from pressed baker's yeast (Fleisch-
mann’s) in the following manner: 54 g of yeat
are suspended in 20 ml of H,0, autoelaved at 13
Ib and 120 C for 0.5 hr. The resultant extract i+
centrifuged, the supernate brought to a bod,
treated with decolorizing carbon, and filtered
The filtrate is stored in the decp freeze.



Roak

The enzyme reaction was ran at 0 C in the
arezenee of 0.001 at g-nitrophony!-g-n-galuctoside
Jesolved inamixture of Nall.POy and Nagg [P0,
1 vield a solution at pIt 7.5, 0.1 % with respect
{or :\‘:1, and containing 0.0 ml of yeast extinet per
ol The development of color was foilowed by
sioans of a Klett-Summerson colorimeter using
flier no. 422, One unit of enzyme activity is
represented by the hydiolysis of one mu mole of
‘wnitrophenyl-@-p-galactoside per minute under

the shove conditions. Specific activity is reported

in units per pg of nitrogen. '

Preparation of purificd antiserum. The methods
employed for the preparation and purification
of anti-B-galactosidase antiserum were derived
from the investigations of Cohn and Torriani
(1952).  B-Galactosidase purified as deseribed
Lelow was used as the antigen. Approximately
0.2 mg of purified antigen was injected into cach
rabbit with mineral oil as an adjuvant (Freund
and Bonanto, 1944). Sera were collected, pooled,
and the yx-globulin fraction isolated by cthanol
fractionation (Nichol and Deutsch, 1948). Use
of such preparations avoids the nomspecific
precipitation  which' ‘often oceurs on -adding
bacterial extracts to whole serum. The con-
ditions deseribed by Cohn (1952) and Cohn and
Torriani (1952) for obtaining specific precipita-
tions of B-galactosidase with antiserum were
followed.

Purification of (-galactosidase. The purpose of
the experiments to be deseribed demanded o
procedure for the isolation of pure enzyme from
small amounts of material which would be
ellicient in the yield of final product and lead to
a minimal amount of inactivation. The latter was
necessary to avoid the complications in specific
activity determinations which would derive from
the presence of enzyme protein not identifiable in
terms of enzyme activity. It was evident that the
classical methods of enzyme separations used by
previous authors (Monod and Cohn, 1932;
Kuby and Lardy, 1953; Lester, 1852) for the
purification of B-galactosidase did not satisiy

cither of these criteria and could not be used:

without drastic modification. Other methods
were sought and particular attention was paid
to the potentialities of clectrophorctic separation
of protein on filter paper (Durrum, 1950; Cremer
and Tiselius, 1950; Kunkel and Tisclius, 1931).
Despite a considerable ‘amount of effort it was
found impossible to adapt this procedure for the
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purposes at hand. The amount of material which
could be accommodated in one run, aven using
piles of paper strips, was too small for feasibility.
In addition, the resolution of the enzyme from
other contaminating proteins was not sufliciently
sharp on any filter paper types availuble for trial.
Attention, therefore, was turned to other solid
material which could act as a suitable neutral
support. While the present investigutions were
in progress, Kunkel and Siater (1952) repoited
briefly on an extenston of the paper strip method,
They eame to the conclusion that starch was the
most desirable material to use, based bhoth on
low adsorbing capacity for protcin and minimal
electroosmotic flow of water. In agrecment with
Kunkel and Slater (1932) the pregent authors
found that insoluble potato starch yielded the
best results of all the materials tested. It showed
no tendeney to adsorb specifically cither the
B-galactosidase or the other proteins present in
extracts of E. coli. This latter property is of the
utmost importance if trailing of proteins in the
column is to be avoided.

The insoluble potato starch used was obtained
from E. H. Sargent and Co. It was found neces-
sary to remove contaminating nitrogenous

‘material from all commercial potato starches ex-

amined. This was accomplished by washing the
starch several times with three times its volume
of 0.05 ~ alkali. The alkali was removed with
water, which then was followed by several
washings with the buffer to be employed. The
stareh was stored under bufier in the cold at
4 C. Starch for the solidification of input material
was obtained by drying starch following the
water wash.

The steps followed in the isolation of enzyme
may be summarized briefly as follows:

(1) Subsequent to induction of enzyme, cells
are harvested and washed with H,O followed by
centrifugation. All the subsequent steps were
carried out at 4 C.

(2) Cells are resuspended to a density of ap-
proximately 50 mg wet weight per ml and sub-
jected to sonic disintegration in a 10 kilocycle
Raytheon- oscillator (70 v at approximately one -
ampere) for 15 to 20 min.- N

(8) The resultant extract is centrifuged for ¢5
minutes at 15,200°G in a Sorvall SS-1 centrifuge.
The pellet is discarded. :

(4) The enzyme in the supernate of step 3 is
concentrated by ammonium sulfate fractionation
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(65 per cent) in the colld. The precipitate is sepa-
rated by eentrifuzation, redisolved in a/10
phosphute buiter ab pll 7.5, and the rnnonium
sulfate (52 per cent) precipitation repeated. The
sccond precipitate is redissolved in 10, and the
pll is adjusted to nentrality. In this manner, an
increase of batween five and tenfold in cazyme
concentration can be achieved along with the
reoval of a large portion of the nonproiein
material. The purification attained by these
steps rarely exceeds 3 X. Nevertheless, such con-
cenbration steps are neeessiry whenever it is
desirable to place reasonably large amounts of
active cngynie on the columns.

(5) The residual ammonium sulfete in the
enzyme solution which attends carrying out step
4 was removed by dialysis against water., This
removal was necessary to avoid trailing of
protein during the course of the clectrophorctic
separation.

(6) In the present investigution, starch
columns 5 cm in width generally were used in the
first runs. The thick starch slurry wus poured in
lucite troughs 48 cm long and 1.5 cma high,
Excess moisture was removed by strips of heavy
blotting paper. The columns are allowed to sit in
contact with the electrode vesscls for o period of
two hours to permit equilibration. Such colunins
can casily accommodate 7 ml {equivalent to
hetween 50 and 70 mil of original extract) of the
dialyzed extracts obtaimed in step 5 i two ¢
trenelies are cut out in the preformed column
(close to negative cell). Dry staveh is added to the
protein solution until 2 consistency is reached
which is equivalent to that of the column. The
contents arc placed in the initial trench and
further solidification achieved by adding more
dry starch. The columns then are covered with
lucite tops and placed between two electrode
vessels similar in construction to those described
by Kunkel and Tisclius (1951). Contact between
the ends of the starch column and the clectrode
vessels is accomplished by means of plastic
sponges sitting in the forward compartinents of
the vessels. The entire apparatus, other than the
constant voltage supply, is run in a cold room
held at 4 C. Efficient cooling of the coluran is
effected by having it in contact, both fronm above
.and below, with lead bricks such as are com-
monly used for radicactive shielding. The voltage
applied ranged between 300 to 450 v yiclding an

amperage between 6 to 25 milliamperes, depend-.
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ing on the cross-sectional aren of the eolunsy,
We Lave employed routinely 0.023 a Na,by)..
10060 (Merek) as the buffer adjusted to g,
desired pII 2t 4 C with HCL This buffer et
uscd convenicntly at both pIl S and pltf o

The column is allowed to develop for betue
12 to 14 kr, by which time (at 330 v) tic .
galactosidase will have moved ubout 23 em frs,,
the starting pusition. The position of the enzy;,
peak can be determined easily in a varicty o
ways. Onc method is to remove sumple plugs 5
one em intervels along the column with the aild
a trocar cut off near the nub and fitted tg 5
syringe. The starch plugs so obtained then z-:
placed in separate tubes and eluted with 11,0 «;
buffer. Inzyme assays and protein detem.
nations can be made then on the eluates. Ti:
elution is carried out at 4 C for 40 minutes wi!
{ubes are being shaken in an inclined position -
o platform shaker. When placed in anoupss
position the starch in the tubes seltles within
minutes, permitling the deeantation of ¢:
cluate. Once the enzyme has been locuted, ti.
block containing the peak region can be cut cur
and replaced in a prepared initial trench of -
fresh column. This process can be repeated wx
constant specific. activity in the peak reging
attuined. ’

Conditions of induction. Enzyme was indne;
in nerated eultures growing exponentially &
synthetic medinm with o-lactate as the »°
¢arbon and energy source. The latter is “neutr.t
with respeet to B-galactosidase synthesis, in ¢ ¢
sense of not interfering with it. Melibiose, wlit
is not utilizable by strain ML, was used us t
principal inductor to avoid the complicatic:s
(Monod and Cohn, 1952) which can attend i
presence of a metabolizable inductor.

EXPERIMENTAL RESULTS

Purification of enzyme. It is the purpose of t-
present scetion to describe some representui’::
details obtained in the course of purifying:

2lactosidase from partially induced cells ¢f ¢
coli. The relative efficiency of the starch cobir.:
procedure may be illustrated by the results ¢!
served in the first run with a crude extmet =

_which no attempt at preliminary purifieation &

concentration of enzyme by means of ammeni:

sulfate fractionation was attempted.
Logarithmically growing cells, suspendid -

300 ml of synthetic medium, were incubatel
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37 C with aeration in the presence of 0.001 M
welibiose as inductor. The induction was atopped
ofter 7,000 units (mpx of o-nitrophenyl-g-
n-elactoside split per minute) of enzyine had
heen synthesized. During this same period an
inerease in ccll mass equivalent to 0.37 divisions
tia¢ occurred. The cells were harvested, wushed,
and subjected to sonic lysis. The extract was
Aeaved of cell debris by centrifugation for 15
minites-ab.15,000 G. The resulting extract con-
tained 10,200 units of cnzyme per ml with o
spacific activity of 13.2. One ml of the above
extract was placed in a two em wide starch
column in an initial trench about one c¢cm in
length. The column was allowed to develop for
050 min at 370 v and 11 milliamperes. Then it
was cut into one em blocks, cach of which was
cluted by shaking with 4 ml of H.O for one hour.
The cluates were analyzed then for enzyme and
protein. The results obtuined are deseribed in
figure 1 in which are plotted the units of enzyme
and ug of protein per ml of cluate as a function
of the distance from the starting trench. It will
be noted that a large amount of protein in such

extracts moves very slowly. The evidence avail- -

able indicates that much of this slow moving
protein is associated with nucleic acid. The cn-
zyme moves fairly rapidly and as a relatively
narrow peak. The specific activity of the enzyme
in the peak region is 360 and is between 330 and
100 for the two cin on ecither side of the peak.
These values arce to be compared with 13.2 for the
input material. Thys, one run can cffect an ap-
proximately 30-fold purification. Eighty per cent
of the input enzyme can be recovered readily in
any given run. :
The cffect of repeated successive runs on the
purification of the enzyme may now be examined.
Cells were induced to form enzyme much as in the
_ condition described above. Melibiose (0.001
M) was the inductor; and the cells were growing
logavithmically for a period equivalent to one
division during the induction.
Extracts were prepared by sonic disintegration
“"as described -previously, and after removal of cell
debris, the enzyme was partially purified and
concentrated by the anumonium sullate frac-
tionation procedure detailed under Methods.
The initial trench accommodated 4.5 mi of the
concentrated enzyme preparation. The column
was allowed to develop for 1,008 minutes at 245
v and 15 ma. The enzyme peak was located and
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Figure 1. Distribution of enzyme and protein
along the stareh column in a first electrophoretic
run at 370 v and 11 milliamperes for 980 minutes.
At the pH employed (8.5) the enzyme travels
towards positive electrode.

the specific activity of the enzyme in the peak
region determined by examining a 14 em strip
removed {rom the column. Once located, the

" peak region of enzyme in the starch column was

cut out, placed into an initial trench of ap-
propriate size in 2 fresh column, and the process
repeated. Table 1 summarizes the results obtained
in four successive runs. It will be noted that the
specific activity of the initial preparation was 45
and that the first run gave an enzyme prepa-
ration at the peak with a specific activity of 976
corresponding to a 20-fold inerease. As is in-
dicated by the results of run no. 4, the maximal
purification was achieved by run no. 3.
Uniformily of prolein labeling. The purpose of
the present experiments required comparison
between the specific radioactivity of the enzyme
and the nonenzymatic protein in the cell. Such
a comparison is meaningful only if the non-’
enzymatic proteins are uniformly labeled. Initial
uniformity in the labeling is assured readily by
employing an inoculum which is small relative to
the final yield of culture when growing up cells in
the Ctlactate. The assumption ‘that growth of
such cells in an identical medium which was un-
labeied would result in a-uniform dilution of all
existent proteins was tested directly. Cells
uniformly labeled to the cxtent of 101 counts
per nin per pg N were prepared by growth in
CH-lactate. The cells were washed thoroughly
with cold medium containing 0.3 per cent of
unlabeled wv-lactate, resuspended in the same
medium, and allowed to go through approxi-
mately one division. The cells then were har-
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TADLE 1
Repsated muarifications of peak regions

Culture allowed to go throuzh one division in the presence of 0.001 s melibiose; cells washed, di.
integrated, and debris removed; enzyme concentrated by two ammonium sulfate precipitations (Is: ..

63 per cent and 2nd at 52 per cent suturation); residual ammonium suliate removed by dialysis. Tl

prepartion wus run {our suceessive-times on the stareh columns, the peak region being removed iy
cach casc. Activities in peak regions nre given in cach ease.

[ POSITION OF i FORTION
RUN NO. DURATION YOLTS MILLIAMPERES PEAR IN CM REMON YD
FROM ORIGIN FOR RF-XU'N
\—.'—'._-.. . " "
min ! "';nvmoflepg ’ E o
Initial preparation — — — _ ! 5 _
1. 1,603 245 15.0 16 976 15.5-17.5
2 1,059 245 15.5 17 1,300 15.5-20
3 1,036 245 13.0 15 | 1,950 13.5-15.5
4 1,030 250 10.5 | 1800 -

* ONPG—o-nitrophenyl-g-p-galactoside.

vested, washed, and lysed by sonic treatment.
After removal of ccll debris by centrifugation,
and without uny prior fractionation, the extract
was placed in the starch columan and allowed to
develop at 400 v and 11 milliampercs for a period
of about 15 hr. Subsequently, the column was cut
up into portions one em in length, and each
scction eluted separately. The proteins in the
eluates were precipitated and purified by the
methods described, and the specific radio-
activities' determined. The mean speeific radio-

activity of the protein (plus and minus two

standard deviations) of 30 such starch sections
was found to be 48.2 = 4.3 counts per min per
ug N. All the values were cncompassed within
two standard deviations of the mean indicating
no statistical difference in the degree of dilution
experienced by the proteins - which were so
" isolated and examined.
The marimal specific enzyme celiviy. Data ob-
. tained in the course of repeated purification of
enzyme on the starch columns suggested that the
maximal specific activity of the enzyme was in
the neighborhood of 1,900 mpux per min per
-pg N under the conditions of our assay. Com-
parison with previously published (Cohn and

Monod, 1951; Lester, 1952; Kuby and Lardy,

1933) fizures on specific activitics indicates that
the starch column procedure yiclds preparations
of higher purity. It was of interest, particularly in
view of its uscfulness as o means of estimating
enzyme protein, to obtain further information on
the validity of the maximal figurc. The use of
specific precipitation of radioactively labeled

enzyme with purified antiserum sugzested itself
as & possible method for another check on this
figure. Cohn and Torriani {1952) and Coha
(1953) have provided the conditions under which
such precipitations ean be carried out. They have
demonstrated also that the enzyme in the in-
soluble antigen-antibody com:plex expresses fuil
activity. Were the enzyme in such a comples
uniformly labeled with a radioactive tracer and
its specific radioactivity (in counts per min per
pg N) known, the amount of enzyme protein in
the precipitate could be determined readily,
With the latter figure and the enzyme activity,
“the specific enzyme activity would be known.
The clficiency of such specific precipitation in
removing extraneous material is illustrated by the
work of Cohn and Hogness (Monod and Cohn,
1953) as well as the results reported in the preseat
paper.

Uniformly labeled eells were grown with acra-
tion in synthetic medium containing CH-1-
lactate as the sole carbon source. During the
growth, melibiose (0.001 M) was introduced as
an inductor. Such conditions would insure uni-
formity of labeling of all the proteins of the cell,
including the B-galactosiduse. The cells were
harvested, extracts prepared, and enzyme con-
centrated as previously deseribed. An aliquot was
placed on a starch column and allowed to develop.
The enzyme peak was located and re-run ina
fresh column. The remainder of the. first column
was cut up into one em sections which were -
cluted, and the average speeific radioactivity of
the proteins determined. The mean 2 standard
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errors was found to be 155 = 3.9 counts per min
per g N, and no significant deviations from it
were observed, After severul successive runs on
the starch columns the enzyme peni reglon was
cluted. The cluate contained 583 enzyme units
per ml. ‘

One ml of this cluate was subjected to pre-
cipitation with S-galactosidase antizerum puri-
fied and prepared as deseribed under Methods.
~%aincrease the specificity of the precipitation it

extract from noninduced cells, which insures that

all nonenzymatic antigenic components would be
in the region of antigen excess. The reaction
mixture had the following components: 1 ml of
cluate, 1 ml of antisecrum, 1 ml of unlabeled
nonindueced extract, 0.2 ml of 10 per cent NaCl,

0.2 ml of pII 7.5 phosphate buffer. The antiserum

was added last, The reaction mixture was held for

96 hours at 4 C, and the precipitate collected by

centrifugation and washed three times with

cold 0.02 » phosphate buffer at pH 7.0. The
precipitate was resuspended then with homo-
genization in 0.9 ml of the same buffer.

" Both the supernate and the resuspended pre-
cipitate were assayed for enzyme. None was found
in the former, and 96 per cent of the input enzyme
activity was accounted for in the antigen-aati-
body precipitate. :

Radioactive counts on a 0.4 ml aliquot of the
resuspended precipitate yielded a value of 49.8
¢t per ml. From the average specific radioactivity
of the cellular protein we find that the antigen-
antibody complex contains 0.32 pg N of ccllu-
lar protein per ml, We find, assuming that all
the input enzyme material is in the complex,
that the specific enzyme activity is 1,820 mpar per
min per pug N, in reasonable agrcement with the
previous “‘maximal” figure of 1,900,

Synthesis of enzyme n labeled cells suspended in
unlabeled medium. Uniformly labeled cells of E.
coli were obtained by growth of a culture in one
liter of synthetic medium containing 0.1 per
cent L-lactic acid with a specific radioactivity of
-1.6 %.10% ¢t per min per uy. The culture wus
started by o small inoculum from a stock slant
and allowed to incubate with vigorous acration

at 37 C for 15 hours, The cells were hurvested
by .centrifugation and washed twice with cold
medium to remove residual radioactivity and re-
suspended in 5 ml of H.O. The Iatter then was
added to 4 liters of synthetic medium previously
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equilibruted to 37 C and containing 0.2 per cent
of unlabeled r-lactic acid as the sole carbon
source, The suspension wuas incubated with
vigorous acration at 37 C. Samples were removed
at 10 min intervals for optical density determi-
nations to ascertain the time of onset of logarith-
mic growth. Cultures so treated rarcly have lug
periods excecding 10 minutes. Inductor in the
form of melibiose (0.001 ») was added after
logarithmic growth was assured and the incuba-
tion continued in the presence of inductor for a
period corresponding to 0.9 divisions. Samples
were removed periodicaily for both optical

density determinations and enzyme assay.

At the end of the period indicated, the cells
were harvested in a Sharples centrifuge, washed
with 90 ml of H.O, resuspended in 50 m!l of 1.0,
and sonicated. The enzyme in the extract was

. partially purified and concentrated by ammonium

sulfate fructionation as deseribed previously, and
further purification achieved on a starch eoluma.
Table 2 describes the progress of the purification
curing successive runs of the peak region. This
particular experiment was terminated after the
fourth run since there was not enough material
left to permit adequate estimations of protein
content, enzyme, and radioactivity in a fifth run.
The data are given in terms of the specific enzy-
matic activity and specific radioactivity of the
peak region. The latter is compared with the
speeific radioactivity of the average protein.

it is evident from an examination of the data
that as the purification of the enzyme progresses
the specifie radioactivity falls. The data detailed
in table 2 support the statement that less than
9.1 per cent of the carbon of the newly formed
enzyme molecules can be derived from any pre-
existing carbon in the cell.

In other similar experiments, analozous results
werce obtained, the degree to which the enzyme
could be freed of radioactivity being about the
same and independent of the length of the in-
ductions The purification and analytical methods
employed demand a minimal amount of enzyme
for the suceessful completion of the experiment,
This lower limit is such as to preclude experi-
ment involving inductions, running much below
0.5 divisions, even with the use of the moro
powerful inductors such as n-butyl-8-p-ga-
lactoside.

The question arises whether the somewhat less
than 10 per cent radicactive carbon found in the
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TABLE 2

Specific radioaciiviiy of cnzyme synlhesized by C labeled cclis suspended in unlabeled medium

Cells uniferaly labeled by geowtl in Ch-instate induced (0.601 » melibiose) to form cuaymg ;-
unlubeled medium for a period of 0.9 divisions. Enzyme, isolated and concentrated as previously g,
scribed, was run four successive times in starch columns. Specifie radioactivity (ct/min/ug ‘\’)'
specific enzyme activity (mpy of ONPG/min/pg N) of the input material and the peak regions .-

enzyme activily in successive runs are given. Column 4 is caleulated by means of the “maximal” speg:

. activity value of 1,900. Column 6 is calculatod by subtracting corresponding values in column 5 irom j

a @ *) 8 ()

SUECFIC O roriricaTion | 109 X O PURIFICATIA

RUN NO. RADIOACTIVITY FROM SPECIFIC y'lk OF ENIZYME PEAK FROM SI‘ECIH"

. l (¥R) ENZVME ACTIVITY 'R0 AVERAGE PROTELN;  RADIOACTIVITy

¥ v -

Initial preparation 46.1 — — — -
o1 21.5 1,030 51.3 - 46.6 53.4
2 12.9 1,320 69.5 | 28.0 72.0
3 6.8 1,620 85.3 - 14.7 85.3
4 4.2 1,800 94.7 9.1 90.9

; enzyme purified by the starch column method
represents a small, but measurable, proportionate
utilization of preexisting carbon in the course of
enzyme synthesis. Information pertinent to this
issue may be obtained by comparing columns 4
and 6 of table 2. Column 4 represents the “per-
centage purification” achieved 2t each step cal-
culated from the specific enzyme activity as
compared with the maximal value of 1,9500.
Column 6 calculates the “pereentage purifica-
tion” from the relative specific radicactivity
(columin 5) on the assumption that the cnzyme is
completely .unlabeled. The relutively good agree-
ment between these figures sucgests that the
residual radioactivity is net cnzymatic but is
rather
Such caleulations, however, are not of suflicient
sensitivity to be completely decisive at low
levels. “Thercfore, immunological precipitution
was usced to decide this question.

Specific: precipilation  of partially  purificd
enzyme with anliserum. The immunologic pro-
cedures described above were used. It may be
noted that it was found, in agrecment with
Cohn and Monod (personal communication),

" that selective removal of enzyme protein with

antiserum cannot be achieved in crude extracts.

Preliminary partial purification is essential. In

the present experiment this preliminary puri-

fication was attained by the starch column
method. CH labeled eclls were prepared and
induced to. form. enzyme while suspended in
unlabeled lactate medium as deseribed above,
The induction was carrvied out in log phase for a

period of 0.5 doublings in the presence of 0.001

assignable - to  contaminating material.

» melibiose. The preparation of the extract w.:
placed in the starch column, and the peak resin;.
of enzyme activity run three successive times
starch columns. On the third run, the cluate iro:,
the enzyme peak region contained a protein wig,
a specific enzymatic activity of 1,300 mpuy i
min per gg N. Comparison with the maxin.:
specific enzyme activity would indicate thut ;

per cent of purity had been achieved. This vii:

is in excellent agreement with what would:

estimated from its specifie radioactivity, wssur
ing the enzyine protein was unlubeled. T

protein coniained label to the extent of 10
¢t per min per pg N which is 30.1 per cent of 1
value of 63.7 ¢t per min per pg N found for ¢
average nonenzymatic protein in the same ceils

The cluate, containing 5,000 units of enzyn

per ml, was subjected to specific precipitatic
with purified g-galactosidase antiserum followi.
the procedure deseribed above., Again to i
the specificity of the preeipitation it was carris!
out in the prescnce of unlabeled extract fre
noninduced cells, so that all nonenzymatic eon-
ponents would be in the region of antigen exce.
The reaction mixture. was held at 4 C for 8
hours, and the precipitate was collected by
centrifugation. It was washed twice with 0.1 ¥
phosphate buffer at 7.5 and resuspended witd
homogenization in 0.6 ml of H:0. An aliquot ¢!
0.4 ml was used for the determination of radi
activity and (.05 ml for the assay of enzyme
All of the original activity contained in tis
eluate was accounted for in the antigen-antila:
precipitate, which checked with the fact thatr
detectable enzyme was found in the supernat
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TABLE 3

Purification by specific precipitalion with anliseruom
One ml of starch column eliate was added to the
following: 1.0 ml of unlubeled extract from
noninduced eells, 0.2 ml oi 10 per ceut NaCl;
¢.2 ml of 0.1 3 phosphate buier at pil 7.5. To the
resulting mixture was added 1 ml of purified
antiscruny. The resulting precipitate wis washed
and prepared as deseribed in the text. The aliquot
wmeasured for radioactivity contained 0.33 X 10t
~pnryme units, The counting was continued until
5010 counls~had accumulaied (300 min). A
background count over the same time period
vielded 5,972 counts. The absolute ecrror wes
determined from the relation I8 = ka/Ng -+ Ns
where N p is the background count, Ns the count
of the sumple, and k the probability constant.
The latter was taken as 3.29, which yields the
“009/1,000” error. The protein assignable to
cuzyme in the antigen-antibody precipitate was
determined from the maximal enzyme specific
sctivity value of 1,900 and the obscrved cnzyme
sctivity. The fizures in the second row are cal-
culated from the latter and the determined
absolute error of counting. The chances are one
in a thousand that the actual figures can be
greater than those stated.

o | couns | B or
TE wep | | PER | ENZYME
l’l'ri‘fé'f MINUTE | VR OF X 100
ENZYME x-r.n';i-f N AvERAGE
UNITS ¥R) | rroTEIN
Before precipitation
with antiscrum....| 176 19.2 30
After precipitation :
with antiserum....] <3.6 <0.69l <1.0
QU

Table 3 summarizes the results obtained in the
radioactivity measurements. Although all the
enzyme was removed from the cluate by the
specific precipitation, no detectable amount of
radioactivity was found in the antigen-antibody
complex- The sample count was not significantly
differcnt from background. It would appear that
the residual activity found in enzyme prepara-
tions purified by the starch column procedure is
.due to small amounts of contaminating proteins.
This type of specific’ precipitation was carried
through a number of times on similar prepara-
tions and, in all eases, removed virtually all of
the contaminating radioactivity.

On the basis of the maximal specifie enzyme
activity, the figures listed in table 3 indicate that
less than one per cent of the carbon of a newly
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formed enzyme molceule comes from any pre-
existing carbon in the cell.

DISCUSSION

The experiments deseribed in the present paper
offer little support for the preexistence in the eell
of any significant amount of precurzor malerial,
simple or complex, whieh is utilizzble for the
synthesis of new cnzyme molecules. These results,
taken together with the independently performed
experiments of Cohn and Hogness (Morod and
Cohn, 1953), make it difficult to avoid the con-
clusion that the induced synthesis of B-za-
lactosidase is a virtually de nove process em-
ploying principally amino acids which are formed
subsequent to the moment of the addition of the
inducer. :

A brief statement may be interposed here
concerning protein turnover. It is obvious that
had there been any extensive breakdown and
resynthesis of protein in the course of the ex-
periments reported here, a proportionate amouut
of label would have made its appearance in the
B-galactosidase. No evidence was detected for
such turnover. The same is true for the experi-
ments of Cohn and Hogness deseribed by Monod
and Cohn - (1953). In the Iatter experiments
attempts were made to see whether unlabeled
enzyme in $3% labeled cells would pick up label
either in the presence or in the absence of in-
ducer. No such interchange was observed.

Such observations would appear to pose the
problema of whether the proteins of growing
bacterial cells differ from those of adult mam-
malian tissue in which “turnover” can be de-
tected. In part the difference is a spurious one,
assignable to the markedly different time scales
of the cxperiments performable with mice and
men as compared with E. coli. A sample calcu-
lation should make the relevant issue clearer.
We may take a half-life of 6 days (Borsook, -
1953) as a sufficiently representative fizure for

he turnover rate of a relatively rapidly syn-

- thesizing mammalian tissue. This would yield a

decay constant in hours of —0.0048. A com-
paratively long term experiment with E. coli,
of the type we have described, would extend over
o period of two hours. Consider one liter of an
E. coli culture at 1 X 10? organisms per ml
uniformly labeled to a level of 100 counts per
min per pg protein N, If these proteins possessed
the decay constant noted above, they would, in



428

the course of a two hour pericd, liberate one per
cent of their radioaetivity, or 1 X 10% ¢t per min.
Assuming as scems reusonable, that wll proteing
being  synthesized’ ean participate cqually in
‘incorporating this radiozctivity and that 0.1
per cent of the protein being formed in the two
hour induction period is 3-galactosidase, approxi-
mately 10 ¢t per min would be found in the entire
enzyme fraction. This would be barely deteetable
even if a considerable poriion of the cnzyme
formed was isolated in a pure state. On the basis
of specific radioactivity, it would be just helow
the level of adequate measitzement since it would
be somewhat less than one ¢t per min per pg N.
It is clear from the above discussion that ex-
“periments on induced synthesis, performed in
the manner deseribed, might well miss turnover
rates of ‘levels characteristic of mammalian
tissues. The data aceumulated in the course of the
present nvestigation would indicate that the
protein breakdown rates in growing Z. coli cells
cannot have decay constants much greater than
0.003, and they may possibly be less. This is in
good agreement with some recent results ob-
tained by Anker (1954, personal communica-
tion) who followed the releasc of Cl-arginine
“from bacterial proteins in E. coli growing in a
chemostat. The results indicate that less than
one per cent of the arginine in protein was re-
leased over a period corresponding to a 3.1-fold
inercase in mass during the gcrowth of an . cols
strain, Podolsky (1953) reports a somewhat
higher figure for F. coli growing in a synthetic
medium under somewhat different conditions.
{c finds that over 2 30 hour period 8 per cent of
the labeled arginine is lost, corresponding to a
-gdecay constant of 0.008.

One further fact may be noted. A simple cal-

culation reveals that the specific rate of protein
synthesis {mass/mass/unit time) is of the order
1,000 times faster in bacterial cells growing in log
phase than that found, e.g., in the liver of the
adult rat in nitrogen balance, the proteins of
which have a half-lifc of about 6 days. We have
scen nevertheless that the decay rate of bacterial
proteins cannot be much greater than that cor-
responding to a 6 day hali-Jife and is indeed in
all probability less. This would appear to elimi-
nate any interpretation of “turnover”, or the
“dynamic state” of proteins which seeks to link
‘in a compulsory manner rates of protein break-
down and synthesis.

B. ROTMAN AND 8. SPIEGELMAN
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SUMMARY

Lxperiments have been designed to test the
following two possibilities for the synthesis of
B-galactosidase by Escherichia coli:

(a) Precursor + frec amino acids — Actiy,
enzyme.

(b) Free amino acids — Active enzyme.

Lnzyme synthesis was induced in eclls uyi
formly labeled with C¥ while they were sue
pended in unlabeled medium. Isolation s
purification of the B-galuctosidase synthesized
revealed that less than one per cent of its curboy
could have been derived from any cellular com.
ponents existing prior to the moment of the
addition of the inducer. These findings virtaally
eliminate any hypothesis which presupposes the
preexistence of precursor material, simple o
complex, convertible into enzyme.

The data further indicate that protein syn.
thesis in the growing E. coli cell is virtually

- irreversible. Protein “turnover” even remotely

approximating the synthetic rate could not bhe
detected. !
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